Abstract. An extended synthetic oligonucleotide (59-mer) was used to isolate a Chlamydomonas eDNA containing the entire coding region for a novel basal body-associated 20-kD calcium-binding protein (CaBP). DNA and RNA blot analysis indicate that the 20-kD CaBP is encoded by a single copy gene from which is derived an ~l.l-kb-long transcript. The deduced amino acid sequence for the protein shows a linear relatedness with calmodulin from Chlamydom~nas a~d other orgarfisms (45-48% identity). The primary protein sequence of the 20-kD CaBP and its predicted secondary structure suggests that the protein is likely to contain four homologous calcium-binding domains that conform to the helix-loop-helix (or EF hand) structure found in calmodulin and related calcium-modulated proteins. The major difference between the protein and calmodulin is an amino-terminal domain of 21 amino acids present on the 20-kD CaBP. In addition to its relatedness to calmodulin, the Chlamydomonas 20-kD CaBP shows a strong sequence identity (50%) with the yeast Saccharomyces cerevisiae CDC31 gene product required for spindle pole body duplication. The association of these sequence-related calcium-binding proteins to microtubule-organizing centers of divergent structure suggests a potential conserved function for the proteins.
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C
ALCIUM exerts many of its biological effects as a signal transducer in eukaryotic cells through its reversible interaction with a class of proteins referred to as calcium-modulated proteins (for reviews see references 18, 35) . As a family, the calcium-modulated proteins, which include calmodulin, troponin C, parvalbumin, intestinal calcium-binding protein, and S100, are characterized by a low Mr, acidic pls, and high affinity for calcium. Three of the calcium-modulated proteins (calmodulin, troponin C, and parvalbumin) have been found to exhibit a high degree of sequence homology (6, 36) . Based on the structure ofparvalbumin, Kretsinger and Barry (19) proposed a helix-loophelix (or EF hand) conformation for the calcium-binding domains of calcium-modulated proteins. This proposed structure for the calcium-binding domains has been confirmed in the x-ray crystal structure determinations for the intestinal calcium-binding protein (32) , troponin C (12, 31) , and calmodulin (2, 20) .
In the accompanying paper (13), we described the identification and purification of a novel 20-kD calcium-binding protein (CaBP) ~ isolated from the unicellular green alga Chlamydomonas reinhardtii. This protein, which was purified from isolated basal body complexes, the major microtubule organizing center in the cell, showed several biochemical 1. Abbreviation used in this paper: CaBP, calcium-binding protein.
features in common with members of the calcium-modulated family of proteins. It is characterized by a low Mr of 20 kD, an experimentally determined pl of 5,3, an altered electrophoretic mobility in SDS-polyacrylamide gels in the presence of added calcium, and a calcium-dependent binding affinity to the hydrophobic ligand phenyl-Sepharose. The amino acid composition of the protein and partial peptide sequence analysis provided evidence that the 20-kD CaBP was clearly related to, but distinct from, other well-characterized members of the family of calcium-modulated proteins.
In this study, we describe the isolation and characterization of a cDNA that contains the entire coding sequence for the Chlamydomonas 20-kD CaBP. The deduced amino acid sequence of the protein shows a strong sequence relatedness with the experimentally determined sequence for Chlamydomonas calmodulin (22) and the deduced amino acid sequence of the yeast CDC31 gene product required for spindle pole body duplication (3).
Materials and Methods

Oligonucleotide Synthesis and Labeling
DNA oligonucleotides were synthesized with a model No. 380B synthesizer (Applied Biosystems, Inc., Foster City, CA). For screening of the eDNA library, a 59-mer oligonucleotide corresponding to the amino acid sequence of a selected region of the Chlamydomonas 20-kD CaBP was synthesized and end-labeled with (y_32p) ATP (Amersham Corp., Arlington Heights, IL) and T4 polynucleotide kinase (Pharmacia Fine Chemicals, Piscataway, N J) as described by Maniatis et al. (23) .
Isolation of cDNA Clones
A cDNA library constructed in lambda gtl0 from Chlamydomonas polyadenylated RNA (10) was kindly provided by Dr. Steve Mayfield (Research Institute of Scripps Clinic). Approximately 250,000 phage from this library were screened by hybridization with the radiolabeled 59-mer oligonucleotide probe at 50°C using the methods described by Whitehead et al. (37) . Duplicate nitrocellulose (Schleicher & Schuell, Inc., Keene, NH) filters were washed using reduced stringency conditions in 6 x SSC, 0.05 % NaPPi at 25 or 37°C. Eight positive clones were plaque purified and the phage DNA was isolated using either DEAE-cellulose columns (11) or the phage adsorbent, LambdaSorb (Promega Biotek, Madison, WI). The Eco RI inserts were subcloned into pUC19 and Ml3mpl9 (Pharmacia Fine Chemicals, Inc.) using standard techniques (23) .
Restriction endonuclease mapping and partial DNA sequence analysis revealed that three of the eight clones contained overlapping, partial cDNAs for the 20-kD CaBP (pCaBP-l, -2, and -3). Of the remaining five clones, three contained overlapping cDNAs for calmodulin (based on DNA sequence analysis), and two contained inserts that did not hybridize with either the 20 kD CaBP or calmodulin cDNAs under high stringency hybridization and washing conditions (as described below).
A clone containing the entire coding region of the 20-kD CaBP was obtained by screening another aliquot of the original Chlamydomonas eDNA library with a 200-bp Eco Rl/Xho I fragment from the 5' end of the eDNA insert in pCaBP-2. The eDNA fragment was isolated from low melt agarose and oligo-labeled as described below. Approximately 215,000 plaques transferred to replica nitrocellulose filters and were screened under high stringency conditions of hybridization and washing. Hybridization with the radiolabeled 5'-eDNA probe was carried out in 6x SSC, Ix Denhardt's, 0.1% SDS, 100 ~tg/ml salmon sperm DNA at 65°C for 48 h. The hybridized filters were initially washed at room temperature in 2× SSC and 0.1% SDS, then at 65°C in 0.2x SSC, 0.1% SDS, and finally at 65°C in 0.1× SSC, 0.1% SDS. Eight positive clones were plaque purified and the size of the eDNA inserts was determined. The phage containing the longest insert (pCaBP-4) was subcloned into pUC19 and Ml3mpl9.
DNA Sequence Analysis
Eco RI-digested DNA isolated from positive plaques was subcloned into M13mpl9 using standard methods (23) . DNA sequence data were obtained using the dideoxynucleotide method with both the Klenow fragment of DNA polymerase I (29) from Pharmacia Fine Chemicals, Inc. and modified T7 DNA polymerase (33) from United States Biochemical Corp. (Cleveland, OH). The 20-kD CaBP eDNA inserts were sequenced using the 17-mer universal primer (Pharmacia Fine Chemicals), the 59-mer synthetic oligonucleotide used in the initial screening of the eDNA library, and synthetic oligonucleotides prepared against previously sequenced regions as primers. Both strands of the eDNA insert in pCaBP-4 were completely sequenced. DNA sequences were compiled and analyzed using PC Gene software (Intelligenetics, Palo Alto, CA). Amino acid sequence comparisons and database searches were carried out with Microgenie software (Beckman Instruments, Inc., Palo Alto, CA) using the National Biomedical Research Foundation (NBRF) Protein Data Bank.
Radiolabeling of eDNA
Eco RI-and Eco RI-Xho 1-digested plasmid DNA containing the 20-kD CaBP eDNA was separated by electrophoresis in low-melting temperature agarose (IBI, New Haven, CT). The eDNA insert and restriction fragments derived from the inserts were labeled with 32P-dCTP (Amersham Corp.) to high specific activity using random hexanucleotides (Amersham Corp.) as primers as described previously (7).
Isolation and Blot Analysis of RNA
Total RNA was prepared from wild-type Chlamydomonas as previously described by Lefebvre et al. (21) with the following modification: RNA precipitates were washed twice with 2 M LiCI to remove polysaccharides (1) before they were further purified by centrifugation through a CsCI cushion (9) . Poly(A) RNA was isolated by two cycles of oligo(dT)-cellulose chromatography (23) . The RNA was separated on a 1.5 % agarose/formaldehyde gel as described by Maniatis et al. (23) except that formaldehyde was added to a final concentration of 0.66 M (5), transferred to a nylon filter (Magna Nylon 66; Micron Separations, Inc., Honeoye Falls, NY), and baked for 2 h at 80°C. Hybridization with eDNA probes, prepared and radiolabeled as described above, was performed at 42°C for 27 h in 50% formamide, 5 x SSPE, 2 × Denhardt's, and 250 I~g/ml sonicated salmon sperm DNA. After hybridization, the filter was washed three times (10 min each) in 2x SSPE and 0.1% SDS at room temperature, three times (10 min each) in 0.5x SSPE and 0.1% SDS at 65°C, and finally three times (10 min each) in 0.2x SSPE and 0.1% SDS at 65°C before exposure to Kodak XAR-5 film for autoradiography at -75°C with an intensifying screen.
Isolation and Blot Analysis of Genomic DNA
Genomic DNA was prepared from wild-type Chlamydomonas as previously described (26) . DNA was digested with restriction enzymes, separated on a 0.7 % agarose gel, and transferred to a nylon filter (Gene Screen; New England Nuclear, Boston, MA). After baking, the filter was hybridized with eDNA probes (prepared and radiolabeled as described above) at 42°C for 72 h in 50% formamide, 5 x SSPE, 2 × Denhardt's, and 250 I.tg/ml sonicated salmon sperm DNA. After hybridization, the filter was washed three times in 2 x SSPE and 0.1% SDS at room temperature, and then three times in 0.5 × SSPE and 0.1% SDS at 60°C before autoradiography. Each wash was for 30 rain.
Results
Isolation of eDNA Clones for the Basal Body-associated Ca2+-binding Protein
A Chlamydomonas eDNA library was screened with a 59-base synthetic oligonucleotide probe ( Fig. 1 ). The sequence of the oligonucleotide corresponded to the first 20 amino acids of a 31-residue internal linear sequence previously determined by microsequencing the 20-kD CaBP (13). In synthesizing the oligonucleotide, the choice of codons for the different amino acids was made according to the biased codon usage reported for the 13-tubulin genes in Chlamydomonas (39) . The oligonucleotide used as the probe was synthesized to be complementary to the coding sequence.
In the initial screening of 250,000 plaques of the Chlamydomonas eDNA library with the 32p-labeled 59-mer, eight clones were identified that gave positive signals on duplicate filters washed under low stringency conditions (see Materials and Methods). The positive plaques were purified to homogeneity and the eDNA inserts subcloned into pUC19 and M13mpl9. Restriction endonuclease mapping and partial DNA sequence analysis revealed that three of the eight clones (pCaBP-1, -2, and -3) contained overlapping, polyadenylated, partial cDNAs for the 20-kD CaBP (Fig. 2 ). Of the remaining five clones, three contained overlapping cDNAs for calmodulin, and two confined inserts distinct from the 20-kD CaBP and calmodulin cDNAs (data not shown).
To obtain a clone containing the entire coding region of the 20-kD CaBP, a 200-bp 5' Eco RI-Xho I fragment isolated from pCaBP-2 was labeled with 32p-dCTP and was used to screen another aliquot of the same Chlamydomonas eDNA library. Approximately 215,000 plaques were screened under high stringency conditions (see Materials and Methods). Eight plaques that gave positive signals on replica filters were purified to homogeneity. The phage DNA was digested with Eco RI and Eco RI-Xho I, blotted, and hybridized with the 32p-labeled 200-bp 5' probe. One of the clones, pCaBP-4, was characterized as containing the longest insert with an ~350-bp Eco RI-Xho I fragment that hybridized with the 5' probe, pCaBP-4 was subcloned into pUC19 and M13mpl9 in Peptide Glu-Leu-Gly-Glu-Asn-Leu-Thr-Glu-Glu-Glu-Leu-Gln-Glu-Met-I le-Ala-Glu-Ala-Asp-Arg Codons GAG CT G GGC GAG AAC CT G ACC GAG GAG GAG CT~ CAG GAG ATG ATC GCC GAG GCC GAC CG eDNA GAG CTG GGC GAG AAC CTG ACT GAG GAG GAG CTC CAA GAG ATG ATT GCG GAG GCG GAC CG Sequence Figure 1 . The amino acid sequence and corresponding nucleotide sequence used to generate a synthetic oligonucleotide probe for the isolation of the Chlamydomonas 20-kD CaBP cDNA. The experimentally determined amino acid sequence of a selected region of the Chlamydomonas 20-kD CaBP (13) is shown. Underneath the amino acids are the codons chosen to generate a corresponding coding nucleotide sequence. The selection of codons was based on the biased codon usage reported for the Chlamydomonas nuclear-encoded I~-tubulin genes (39) . The 59-mer oligonucleotide probe was synthesized to be complementary to the coding sequence shown here. The bottom line shows the corresponding coding sequence derived from the 20-kD CaBP cDNA. The nucleotide sequences differed only at five residues (*). both orientations. Both strands of pCaBP-4 were completely sequenced with the strategy shown in Fig. 2 .
Sequence of the 20-kD CaBP cDNA and of Its Encoded Protein
The nucleotide sequence together with the deduced amino acid sequence of pCaBP-4 is shown in Fig. 3 . The eDNA is 1,052 bases long and contains an open reading frame of 510 bases with an ATG codon 46 bases from the 5' end of the clone and 9 bases downstream from an inframe stop codon. The putative methionine initiation codon is preceded at position -3 (3 nucleotides upstream of the ATG) by an A residue. A purine at this position has been shown to have a dominant effect on selection of a functional initiation codon (16) .
The open reading frame that ends with a TAA stop codon would encode a polypeptide of 169 amino acids with a calculated molecular mass of 19,459 D. This value is in good agreement with the estimated molecular mass of the 20-kD CaBP isolated from Chlamydomonas (13) . The amino acid sequence deduced for the open reading frame is in perfect agreement with internal peptide sequences previously determined for the protein (13) . These sequences are underlined in Fig. 3 . In addition, the amino acid composition calculated from the sequence data corresponded well to the experimentally determined values for the 20-kD CaBP (Table I ). Those differences that were observed may be due to experimental problems associated with amino acid compositional analysis of gel-eluted material.
Analysis of the predicted amino acid sequence identifies two consensus sequences for potential modification of the protein. The cAMP-dependent protein kinases have been shown to have a strong preference for serines and threonines that are located 2 residues to the carboxy-terminal side of two basic amino acids (17) . One such potential cAMP-dependent phosphorylation site is present at serine-167. In addition, the predicted amino acid sequence includes an Asn-Leu-Thr beginning at amino acid residue 133 which matches the consensus sequence derived for the attachment of N-linked carbohydrates to asparagine (14) .
It should be noted that the biased use of G or C residues in the third position of all codons, which has been previously reported for several Chlamydomonas nuclear-encoded genes (10, 24, 39) , was also found for the coding sequence of the 20-kD CaBP cDNA. The frequencies that each of the bases were found in the third position of the codons were (C) 44.1%, (G) 43.5 %, (T) 9.4%, and (A) 2.9%. This biased usage of codons is further documented when the sequence of the 59-mer synthetic oligonucleotide probe is compared with the corresponding sequence in the cDNA. As shown in Fig.  1 , the sequences differed only in 5 residues, even though the oligonucleotide was unique except for alternative G or C residues in three positions. The 20-kD CaBP cDNA clone pCaBP-4 contains an extended 3' untranslated region of 496 bases that includes 16 polyadenylic acid residues. 14 bases upstream from the beginning of the poly(A) tract is the pentanucleotide TGTAA (Fig. 3, wavy lines) , which has previously been identified as a potential polyadenylation signal in C. reinhardtii (30) . As shown in Fig. 2 , pCaBP-1 and pCaBP-3 also contained 3' untranslated regions of the same length as pCaBP-4 and were found by sequence analysis to be polyadenylated at or near the same residue. In contrast, pCaBP-2 contained a truncated 3' untranslated region. DNA sequencing revealed that pCaBP-2 was polyadenylated at the nucleotide corresponding to nucleotide 938 in pCaBP-4 (Fig. 3, arrowhead) . 14 nucleotides upstream from this site is the pentanucleotide TGTGA (Fig. 3, wavy lines) which may represent the polyadenylation signal used to generate the RNA species represented by pCaBP-2.
Bgl
Characterization of the 20-kD CaBP RNA and Analysis of Genomic DNA Poly(A) RNA was isolated from Chlamydomonas and subjected to blot hybridization using 32p-labeled pCaBP-2 cDNA as a probe (Fig. 4 left) . A single size transcript of ~1.1 kb was detected. The same RNA blot was also probed with radiolabeled pCaBP-4 eDNA and the results were identical to those shown in Fig. 4 left (data not shown). Total genomic DNA was isolated from C. reinhardtii and after digestion with different restriction enzymes, the fragments were examined by Southern blot analysis with cDNA from pCaBP-2. As shown in Fig. 4, right, lanes 1-3 , a single hybridizing fragment was detected in each of the three digests. The same hybridizing fragments were detected when the blot was probed with cDNA from pCaBP-4 (data not shown).
Protein Sequence Relatedness of the 20-kD CaBP with Calraodulin and the Yeast CDC31 Gene Product
In previous studies on the 20-kD CaBP isolated from Chlamydomonas, evidence was obtained based on its electrophoretic behavior, amino acid composition, peptide sequencing, and antigenic properties that the protein was related to calmodulin but clearly distinct from it (13) . With the deduced complete amino acid sequence for the protein, the extent of sequence homology to calmodulin and other calcium-binding proteins could be evaluated. Not surprisingly, a computer search revealed a significant sequence-relatedness of the 20-kD CaBP with calmodulin from Chlamydomonas and other organisms (45-48%) and rabbit skeletal muscle troponin C (41%). Lower degrees of similarity were found to other well-characterized calcium-binding proteins such as rabbit skeletal muscle myosin catalytic light chains (27%). Strikingly, the 20-kD CaBP showed the highest sequence identity (50%) with the deduced amino acid sequence of the yeast, Saccharomyces cerevisiae CDC31 gene product. This gene, which was cloned by complementation, was reported to contain a significant homology with calmodulin in its coding sequence (3). Chlamydomonas calmodulin and the yeast CDC31 gene product, the protein sequence identity between the latter two proteins was less extensive (36%).
The linear sequence homology of the 20-kD CaBP with calmodulin extends through the four recognized calciumbinding domains of calmodulin (Fig. 5, I-IV) . In Fig. 5 , the sequences corresponding to these domains lie on each line between the residues indicated with a dot above them. An analysis of these sequences in the 20-kD CaBP (Fig. 6) reveals the pattern of conserved residues anticipated for calcium-binding domains of EF hand structure. An EF hand is a linear sequence of • 30 amino acids where two nearly perpendicular a-helices flank a 12-residue calcium-binding loop (for a review see reference 18). In Fig. 6 residues 1-9 constitute the E a-helical region, residues 10-21 make up the calcium-binding loop, and residues 22-30 constitute the F a-helical region. In the 20-kD CaBP, as in calmodulin and troponin C, a glutamic acid is found at position 1 which begins the first helix of the EF hand. The flanking a-helices in calcium-modulated proteins have been proposed to be amphipathic (18) . In the 20-kD CaBP those residues predicted to be on the hydrophobic face of the helices (labeled n) are almost uniformly nonpolar. In the potential calcium-binding
°P T y%1' °"11"1 ary structure of the 20-kD CaBE As shown in Fig. 7 , a helixloop-helix (EF hand) structure for the potential calciumbinding regions was predicted for the protein. Although the actual secondary structure of calmodulin, as deduced from the x-ray crystal structure (2), differed in details from the structure predicted by the Robson algorithm (Fig. 7) , the analysis confirms that the Chlamydomonas 20-kD CaBP has a structural organization similar to that found in calmodulin and other sequence-related calcium-modulated proteins.
Discussion
The results presented in this study indicate that a cDNA con-raining the entire coding region for a Chlamydomonas basal body-associated 20-kD CaBP has been identified and characterized. The predicted size and amino acid composition of the protein encoded by pCaBP-4 showed a close correspondence with those experimentally determined for the 20-kD CaBP (13) . In addition, a perfect match was found in the deduced protein sequence of pCaBP-4 with partial amino acid sequences derived from the isolated 20-kD CaBP (13) . These data provide strong evidence that pCaBP-4 contains the entire coding region for the 20-kD CaBP and that the deduced amino acid sequence is the actual sequence of the protein The deduced amino acid sequence of the 20-kD CaBP was found to contain a significant linear sequence relatedness to the well-characterized calcium-modulated proteins, calmodulin and troponin C. Analysis of its primary protein sequence and predicted secondary structure indicate that the 20-kD CaBp is likely to contain four homologous calcium-binding domains which conform to the helix-loop-helix or EF hand structure found in calcium-modulated proteins (18) . The 20-kD CaBP appears to be more closely related to calmodulin than troponin C; the position of the four potential calcium-binding domains are in exact sequence register to that found in calmodulin (see Fig, 7 ). Similar to calmodulin (36) , the first and second domains are more closely related in sequence, respectively, to domains 3 and 4 than are other pairs of domains (see Fig. 6 ). In addition, the 20-kD CaBP contains no cysteine or tryptophan residues, a feature of most calmodulins characterized to date (for a recent review, see reference 25). Calmodulin has been shown to interact in a calcium-dependent manner with a large number of receptor proteins and drugs (for reviews see references 15, 34) . Given the sequence relatedness of the 20-kD CaBP with calmodulin, the protein may share, in addition to calcium-binding, some of the biochemical activities associated with calmodulin.
Until recently, the characterization of the caloum-binding properties and the in vitro biochemical and biophysical properties of the 20-kD CaBP was prohibited by the microgram quantities of purified protein available for analysis (13) . However, the cloning of cDNA for the 20-kD CaBP, which has been reported here, has resolved this problem. The cDNA insert in pCaBP-4 has been subcloned into a bacterial expression vector and the 20-kD CaBP, as an unfused product, has been expressed and purified from bacterial cultures in milligram quantities (Huang, B., and A. Mengersen, unpublished results). Detailed biochemical and structural studies on the protein are now possible, and are being pursued.
The Chlamydomonas 20-kD CaBP has been shown to be a component of calcium-sensitive contractile fibers that link the basal bodies of the complex to each other and the complex as a whole to the nucleus (13, 38) . It has been observed with antibodies raised against the homologous protein from the alga Tetraselmis that antigenic determinants related to the algal 20-kD CaBPs are expressed in association with the centrosomes of mammalian cells in culture (28) . In this study, a significant protein sequence identity was found between the Chlamydomonas 20-kD CaBP and the yeast S. cerevisiae cell division cycle-related gene product CDC31 (3) . Although the CDC31-encoded protein has not yet been isolated or its cellular localization determined, temperature-sensitive alleles for this gene show a cell division cycle arrest related to a defect in the duplication of the spindle pole body (4). The spindle pole body in yeast ceils is a structure found associated with the nuclear envelope and it functions as the major microtubule-organizing center of the cell. As such, it is the yeast homologue to the basal body complex in Chlamydomonas and the centrosome in animal cells. The association of these sequence-related proteins to microtubule-organizing centers of divergent structure suggests that the proteins may be functionally related. To investigate this possibility, complementation analysis of CDC31 mutants transformed with the Chlamydomonas 20-kD CaBP cDNA incorporated into a stable, inducible yeast expression vector is currently being pursued.
Previous studies have suggested that the 20-kD CaBP may be a structural component of the algal basal body-associated contractile fibers (27) . Analysis of the primary sequence of the 20-kD CaBP revealed the presence of an amino-terminal domain of 21 amino acids that is not found in any of the well-characterized calcium-modulated proteins. The yeast CDC31-encoded gene product also contains an amino-terminal extension, but with no apparent relatedness to the amino-terminal domain of the 20-kD CaBE Although there is no obvious mechanism, based on the primary sequence of this domain in the 20-kD CaBE which might contribute to the potential cytoskeletal properties of the protein, the domain does represent the major divergent feature of the protein from other calcium-modulated proteins that are known to have primarily regulatory rather than structural functions. Future studies on the structure of the 20-kD CaBP may reveal a role for the amino-terminal domain which is not obvious at this time.
There is evidence to suggest that the 20-kD CaBP in
Chlamydomonas may be subject to co-or posttranslational modification. Two isoforms of the protein, which differ in their pIs, have been identified in the cell (38) . Although the relationship of these two isoforms has not been determined, it has been demonstrated that the homologous protein in the alga Tetraselmis is phosphorylated in vivo (27) Since the 20-kD CaBP, characterized in this and the accompanying paper (13), is clearly a novel calcium-binding protein associated with a calcium-sensitive contractile fiber system, the term caltractin is proposed for the protein.
